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　要旨:　動揺する船上においても太陽直達光を観測できるように，船舶用スカイ
ラジオメータの太陽追尾性能を改良した．改良点は，太陽追尾精度の向上，測器
視野角の拡大，太陽追尾速度の迅速化および測定手法の改良である．改良後の装
置を用いて，第 51 次および第 52 次日本南極地域観測隊の本観測時に，南極観測
船「しらせ」船上において太陽直達光および天空輝度分布を測定し，動揺した船
上での直達光観測に成功した．直達光から算出された波長 500 nm における大気エ
アロゾルの光学的厚さは 0.01⊖0.34 であり，東南アジアおよび春季の西太平洋上で
高い値を示した．オングストローム指数は－0.06～2.00 の範囲であり，東南アジ
アおよびシドニー付近で最大を示した．今後，船舶用スカイラジオメータが，海
洋上の大気エアロゾルに関する知見を深めると期待される．
　Abstract:　The sun-tracking performance of a shipborne sky radiometer was improved 
to attain accurate aerosol optical thickness (AOT) from direct solar measurements on a 
pitching and rolling vessel. Improvements were made in the accuracy of sun-pointing mea-
surements, field-of-view expansion, sun-tracking speed, and measurement method. 
Radiometric measurements of direct solar and sky brightness distribution were performed 
using the shipborne sky radiometer onboard the Antarctic research vessel (R/V) Shirase 
during JARE-51 (2009–2010) and JARE-52 (2010–2011). The temporal variation of signal 
intensity measured by the radiometer under cloudless conditions was smooth, demonstrat-
ing that the radiometer could measure direct sunlight onboard the R/V. AOT at 500 nm 
ranged from 0.01 to 0.34, and values over Southeast Asia and over the western Pacific 
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Ocean in spring were higher than those over other regions. The Ångström exponent ranged 
from －0.06 to 2.00, and values over Southeast Asia and off the coast near Sydney were 
the highest. The improved shipborne sky radiometer will contribute to a good understand-
ing of the nature of aerosols over the ocean.
1.　Introduction
　　Atmospheric aerosols affect the earth＇s climatic system through the scattering and 
absorption of solar radiation (direct effect) and modiﬁcation of cloud properties (indirect 
effect) (IPCC, 2007). An understanding of the global spatial and temporal variations of 
aerosol optical properties, including aerosol optical thickness (AOT), is necessary for accu-
rate assessment of the global radiation budget (Kaufman et al., 1997). The Aerosol Robotic 
Network (AERONET) initiated by NASA (Holben et al., 1998) and the Sky Radiometer 
Network (SKYNET; http://atmos.cr.chiba-u.ac.jp/; Takamura et al., 2004), located mainly 
in eastern Asia, are worldwide networks of ground-based sites for monitoring aerosol 
optical properties. Data from these networks function as validation sources of satellite re-
trievals of aerosol optical properties.
　　Oceans cover approximately 70 % of the earth＇s surface and produce a large quantity of 
natural aerosols that affect the earth＇s climatic system. Sea salt is a major component of 
maritime aerosols. Aerosols over the ocean, however, contain a dust, particles from biomass 
burning, and other anthropogenic aerosols (Andreae, 2007). Thus, investigation of aerosol 
optical properties over the ocean is important for the estimation of the global radiation 
budget. Recently, AOT over the ocean has been measured using a handheld sun photometer 
as part of the Maritime Aerosol Network, which was developed as a component of 
AERONET (Smirnov et al., 2009) and the NASA program Sensor Intercomparison and 
Merger for Biological and Interdisciplinary Oceanic Studies (SIMBIOS; Knobelspiesse et 
al., 2004). However, these observation networks have very limited coverage of vast oceanic 
areas (Smirnov et al., 2009).
　　An earlier shipborne sky radiometer that automatically measured the direct sun 
radiation and sky radiance distribution was improved to raise the quality and quantity of 
aerosol optical property data over the ocean. The sun-tracking system of this earlier sky ra-
diometer was prone to fail in tracking the sun because of the rolling and pitching of the 
vessel. This was due to the instrument＇s low axial resolution, narrow error tolerance for sun 
pointing, and low sun-tracking speed. Therefore, the sun-tracking performance of the radi-
ometer was improved to obtain higher accuracy of AOTs from direct sun measurement, 
even under conditions of substantial rolling and pitching of the vessel. This improved radi-
ometer was called the POM-01 Mk3 (Prede Co., Ltd., Tokyo, Japan). In this study, measure-
ments were taken onboard the Antarctic research vessel (R/V) Shirase during the 51st 
Japanese Antarctic Research Expedition (JARE-51; 2009–2010) and JARE-52 (2010–2011) 
to assess the sun-tracking performance of POM-01 MK3. As part of the JARE activities, the 
R/V Shirase navigates a regular track every year between Tokyo, Japan and Syowa station, 
Antarctica, during November–December (going to Antarctica by way of Fremantle, Austra-
lia) and February–April (returning from Antarctica by way of Sydney, Australia). Observa-
tions onboard the R/V along this course can be used to measure the optical properties of 
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various atmospheric aerosol particles (Yabuki et al., 2003).
　　Here, we initially describe the improvements of the shipborne sky radiometer. Then, 
we discuss the AOT and Ångström exponent (AE) calculated using direct solar data 
measured by POM-01 MK3 during JARE-51 and JARE-52.
2.　Method
2.1.　Instrument
　　A ground-based sky radiometer is an instrument that measures both direct solar 
radiation and the distribution of sky radiance (e.g., Aoki and Fujiyoshi, 2003; Shiobara et 
al., 1991). These radiometers typically comprise a sun- and sky-scanning spectral radiome-
ter with 1° full-angle ﬁeld-of-view, sun sensor, scanning device, and control unit. The sun 
sensor points directly at the sun, and the sky radiance distribution is measured automatically 
by the spectral radiometer scanning azimuth angle φ at almucantar and solar zenith angle θ. 
In the monitoring of aerosol optical properties, only data unaffected by cloud in the 
direction of the sun are used.
　　The earlier version of the shipborne sky radiometer was developed to measure the 
direct solar and sky radiance distribution from a moving vessel, and it was manufactured 
based on a ground-based sky radiometer with the following additions. A narrow ﬁeld-of-
view charge-coupled device (CCD) camera was attached to the bottom of the sun sensor to 
expand the range of sun detection, a wide ﬁeld-of-view CCD camera was ﬁxed atop the sun 
tracker to record the sun＇s position to obtain the solar azimuth, and a GPS receiver and a ba-
rometer were attached to the sky radiometer. However, the sun-tracking system of the earli-
er version had difﬁculties functioning on a rolling and pitching vessel. Therefore, four mod-
iﬁcations were made to the sun-tracking performance to obtain high-accuracy AOTs from 
the direct solar measurements, despite the considerable rolling and pitching of the vessel. 
The ﬁrst modiﬁcation was to improve the accuracy of the sun-pointing measurements. The 
narrow ﬁeld-of-view CCD camera was replaced by a position-sensitive detector with higher 
axial resolution. The second improvement was the expansion of the ﬁeld-of-view. The full-
angle ﬁeld-of-view of the radiometer was expanded from 1° to 1.5°, which increased the 
sun pointing error tolerance. The third improvement was in the sun-tracking speed. Stepping 
motors in the sun-tracking system were replaced by DC servomotors with high-speed re-
sponse. The ﬁnal enhancement was made to the measurement method. Signal intensities at 
each wavelength (380, 400, 500, 675, 870, 940, and 1020 nm) were maximum values, re-
peated three times for each wavelength. This was done to remove errors in the direct solar 
measurement caused by sun-pointing errors of the sky radiometer.
　　We made direct solar and sky radiance measurements using POM-01 MK3 as part of 
JARE-51 and JARE-52. Figure 1 shows the cruise tracks of the R/V Shirase in JARE-51 
(left) and JARE-52 (right). A broken line indicates a track during which the instrument 
failed. Direct solar measurements were made every 2 min and sky radiance measurements 
every 10 min. Generally, the AOT at the wavelength of 500 nm is used for discussing aero-
sol loading because the 500-nm wavelength is the strongest solar radiation wavelength, and 
has the highest signal-to-noise ratio of the measurement. Thus, we mainly discuss the AOT 
at the 500-nm wavelength in this paper. Data from other wavelengths (380, 400, 500, 675, 
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870, and 1020 nm) are discussed with regard to the AE calculation. The 940-nm wavelength 
is the water vapor channel, which is excluded from the discussion in this paper.
　　For the sky radiance measurements, the direction of the sun detected by the wide ﬁeld-
of-view CCD camera is deﬁned as 0° azimuth. The sky radiance distribution is measured 
automatically by the spectral radiometer scanning azimuth angle φ at almucantar and solar 
zenith angle θ. However, we were unable to obtain good results for sky radiance distribu-
tion. There was a large gap between the actual and recorded scattering angles in the mea-
surements because of the low speed of image processing by the CCD camera. Therefore, 
POM-01 MK3 has room for further improvement.
2.2.　Analyses
　　AOT was calculated only from direct solar intensity. From the Beer–Bouguer–Lambert 
law, direct solar intensity is given by
F (λ) =  F0 (λ) exp (－m0τ(λ)), 　　　　　　　　　(1)　
where F0 is the ﬂux at the top of the atmosphere, m0 the optical air mass, and τ the optical 
thickness at wavelength λ, which is the sum of the aerosol, Rayleigh, and ozone optical 
thicknesses. AOT is obtained by subtraction of the Rayleigh and ozone optical thicknesses 
from τ. The calculations of AOT, Rayleigh, and ozone optical thicknesses were based on the 
SKYRAD algorithm version 4.2 (Nakajima et al., 1996). Rayleigh optical thickness was 
calculated based on the atmospheric pressure from the barometer built into the sky radiome-
ter and ozone optical thickness was determined from the value of total ozone. That value 
was interpolated linearly from the mean of 3 days obtained by the Ozone Monitoring Instru-
ment (http://ozoneaq.gsfc.nasa.gov/) at each measurement point. 
　　The AE is deﬁned as α in the following:
τA (λ) =  βλ
－α,　　　　　　　　　　　　　(2)　
where τA is the AOT at each wavelength λ and β the turbidity coefﬁcient. The AE is ob-
tained by the method of least squares from the derived AOTs at each wavelength. The value 
of AE is used as an indicator of the size distribution. Higher values of AE mean that the 
relative amount of small particles in the size distribution is high.
　　The following procedure was applied to remove data that were inﬂuenced by the atten-
uation of solar radiation intensity due to cloud, exhaust gas contamination, and pointing 
errors. (1) Measurements were grouped into 10-min series. Any data series in which the 
portion of standard deviations of any AOT at each wavelength exceeded 5 % was removed. 
(2) Smirnov et al. (2009) indicated that for AE greater than －0.1, a point in sun photometer 
measurements is considered cloud and pointing error-free. Therefore, for AE equal to or less 
than －0.1, data were considered to have cloud and pointing errors and were removed. (3) 
The R/V Shirase＇s smokestacks were located behind the instrument. Therefore, data with a 
relative wind direction between 120° and 200° clockwise from the bow direction, and with 
a solar azimuth angle between 120° and 200° in that direction, were removed as potentially 
exhaust-gas contaminated. (4) Finally, we determined whether the data had cloud- or 
exhaust-gas contamination or pointing errors by visually checking the variability of direct 
solar intensity and cloud amount during daytime.
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　　Shipboard meteorological data including wind direction and speed were recorded every 
5 s onboard the R/V. Data of each meteorological parameter were interpolated linearly to 
coincide with the time of the sky radiometer measurements.
3.　Results and discussion
3.1.　Sun-tracking experiment using the shipborne sky radiometer
　　We performed a sun-tracking experiment to simulate actual conditions. Direct solar 
measurements were made using POM-01 MK3 mounted on a test bench that rolled/pitched 
with 5° amplitude and a 10-s cycle. Figure 2 shows a portion of the results of the sun-
tracking experiment from June 10, 2008. This ﬁgure shows that the measured direct solar 
intensities were stable in a rolling and pitching environment, demonstrating the radiometer＇s 
ability to perform the measurements and continue direct tracking of the sun under such 
conditions.
Fig. 2.  Time series of direct solar intensity (upper), and pitching and rolling (lower) during the sun-tracking ex-
periment. Time is represented as Japan Standard Time (JST; Universal Time ＋ 9 h).
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3.2.　Measurement results in JARE-51 and JARE-52
　　The upper panel of Figure 3 shows a time series of direct solar intensity at 500 nm on 
March 24, 2010 under clear skies. The pitch angle of the vessel ranged from －2.2° to 2.8° 
and the roll angle ranged from －3.4° to －0.3° during the time of observation. Most of the 
variation in the data is smooth, but there are distinct decreases in signal intensity due to the 
radiometer pointing at vessel structures, including the mast. The middle panel of the ﬁgure 
shows the AOT at 500 nm and the lower panel shows screened results. In instances of 
sharply higher AOT values, data were removed around the error values.
　　Solar calibration constants of the sky radiometer were determined by ﬁeld observation 
using the Langley-plot method (Shaw et al., 1973). This method retrieves F0 from a plot of 
Fig. 3.  Time series of measured direct solar intensity at wavelength 500 nm on March 24, 2010 (upper), 
aerosol optical thickness (AOT) at the same wavelength (middle), and screened results (lower).
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ln F versus m0 in the logarithm of Equation (1). Figure 4 presents Langley plots at a 
wavelength of 500 nm. We obtained two data sets in stable cloudless weather over the 
Tasman Sea. The differences in the calibration constants between these data sets at each 
wavelength (380, 400, 500, 675, 870, and 1020 nm) were 1.2, 1.7, 1.9, 1.6, 1.3, and 3.1 %, 
respectively. We adopted calibration constants at each wavelength from the mean of the two 
data sets. The differences in the minimum and maximum values of AOT at 500 nm were 
±0.003 and ±0.005, respectively.
　　Figure 5 shows the distribution of AOT at a wavelength of 500 nm along the ship＇s 
tracks. A broken line indicates a track during which the instrument failed because of a 
breakdown of the electronic circuit. In JARE-51, there were no data from December 4, 
2009 to February 26, 2010 in the Antarctic Ocean because of unsuitable sky conditions 
(cloudy or rainy days). In JARE-52, the instrument failed after the R/V Shirase left 
Fremantle. Consequently, no data were acquired over the Antarctic Ocean during either 
JARE-51 or JARE-52. However, we did obtain AOT data for other oceans. The number of 
measurement points was 1237, spread over 16 days of the data set. AOT ranged from 0.01 to 
0.34, with particularly high measurements over the western Pacific Ocean on the return 
from Antarctica and over the seas near Southeast Asia. Deviations in the AOT spectra at 
380, 870, and 1020 nm wavelengths were relatively large, particularly for lower AOT 
values. These large deviations and associated uncertainties can be attributed to the low 
signal-to-noise ratio of the measurement because the direct solar radiant ﬂux is relatively 
small in the near-ultraviolet and near-infrared wavelength regions. The AE was calculated 
from the AOT at 400, 500, and 675 nm. The AE ranged from －0.06 to 2.00, and was partic-
ularly high around Southeast Asia and Sydney.
4.　Summary
　　The sun-tracking performance of the shipborne sky radiometer was improved to attain 
accurate AOTs from direct solar measurements on a pitching and rolling vessel. Improve-
ments were made to the accuracy of sun-pointing measurements, ﬁeld-of-view expansion, 
sun-tracking speed, and measurement method. To assess the radiometer＇s sun-tracking per-
formance and derive AOT and AE over the ocean, radiometric measurements of direct solar 
and sky brightness distribution were performed onboard the R/V Shirase during JARE-51 
(2009–2010) and JARE-52 (2010–2011). The temporal variation of signal intensity under 
clear conditions was smooth, which demonstrated the POM-01 MK3＇s ability to measure 
direct sunlight onboard the R/V. The number of data measurement points was 1237, spread 
over 16 days of the data set. The AOT ranged from 0.01 to 0.34, and values over the western 
Pacific Ocean in spring and over the Southeast Asia region were higher than over other 
regions. AE values ranged from －0.06 to 2.00, and were highest over Southeast Asia and 
off the Australian coast near Sydney. In the future, radiometers incorporating these improve-
ments will contribute to a good understanding of the nature of aerosols over the ocean.
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